Ferritin is considered to be a marker of the body's iron stores and has a potential relationship with the systemic manifestations of inflammatory reactions. Data on the association between increased levels of serum ferritin and ocular problems are limited, particularly in relation to age-related macular degeneration (AMD). Serum ferritin levels, as a possible clinical parameter for predicting AMD, were analyzed in anthropometric, biochemical, and ophthalmologic data from a nation-wide, population-based, case-control study (KNHNES IV and V). All native Koreans aged ! 20 years and who had no medical illness were eligible to participate. Among them, 2.9% had AMD, and its prevalence was found to increase in the higher ferritin quintile groups (P trend < 0.0001). In multiple linear regression analysis, serum ferritin level was closely related to conventional risk factors for AMD. Comparison of early AMD with a control group showed that serum ferritin levels were closely associated with AMD (OR = 1.004, 95% CI = 1.002-1.006), and further adjustment for age, gender, serum iron, and kidney function did not reduce this association (OR = 1.003, 95% CI = 1.001-1.006). Furthermore, the relationship between ferritin quintile and early AMD was dosedependent. Thus, an increased level of serum ferritin in a healthy person may be a useful indicator of neurodegenerative change in the macula. A large population-based prospective clinical study is needed to confirm these findings.
Introduction
Age-related macular degeneration (AMD) is a neurodegenerative change in the macula at the center of the retina that is closely related to loss of detailed central vision [1] . Population growth, obesity, and widespread adoption of a 'western type' of diet may be contributing to the increase of AMD in older people, which is now a worldwide health problem [1, 2] . Because of its progressive nature, early identification of possible risk factor(s) is critical for preventing the resulting disability.
Macular degeneration is a typical multifactorial disease [2] , and complicated interactions between aging, genetic factors, environmental influences, lifestyle changes, and underlying diseases can influence its development and severity [2] [3] [4] . Epidemiologic studies show that several chronic diseases such as metabolic syndrome (MetS), characterized by subclinical systemic inflammation, are strongly associated with AMD [5] . In the line of evidences, several experimental studies reveal that oxidative stress-induced inflammatory reactions may play a role in the initiation and progression of AMD [6] [7] [8] . Such evidences suggest that increased proinflammatory hormones or cytokines can contribute to the development of AMD and that this disease may be a neuronal manifestation of systemic inflammatory responses. However, there is little clinical evidence supporting such association.
Iron is an essential mineral for all living cells and participates in a wide array of physiologic functions [9, 10] . However, shortage of iron-sequestrating proteins, including ferritin, and inappropriate accumulation of this transition metal are closely related to the generation of cytotoxic reactive oxygen species, which results in initiation and progression of various non-specific inflammatory responses and neurodegenerative diseases [10] [11] [12] . On the other hand, the increased appearance of ferritin in extracellular spaces may be the result of extensive cell damage, and the subsequent breakdown of ferritin could contribute to increased release of sequestrated iron into the blood stream [13] . Moreover, recent reports suggest that ferritin itself is cytotoxic and may inhibit growth in neighboring cells [13, 14] . Furthermore, an increase in serum ferritin is closely related to ocular manifestation of systemic inflammatory processes [15] . However, little is known about the association of serum ferritin with macular degeneration. In this study, we aimed to determine whether increased levels of serum ferritin are related to the development of AMD.
Methods

Study population
Data were collected from public-use data sets in the Korean National Health and Nutrition Examination Survey (KNHANES) conducted by the Korea Centers for Disease Control and Prevention (KCDC) among non-institutionalized Korean civilians between 2008 and 2012. All participants in our study were volunteers and all provided written informed consent before enrollment. Their records, excluding survey date and home address, were anonymized prior to analysis. The study was approved by the Institutional Review Board (IRB) of the KCDC (IRB: 2008-04EXP-01-C, 2009-01CON-03-2C, 2010-02CON-21-C, 2011-02CON-06-C, 2012-01EXP-01-2C).
A total of 42758 individuals were participated in the KHANES 2008-2012. Individuals were excluded from the present analysis for any of the following reasons: incomplete data (anthropometric data or laboratory data), < 20 years of age, history of smoking, and pregnancy. Those with a history of medical problems or with estimated glomerular filtration rate (eGFR) < 60 mLÁmin -1 Á1.73 m -2 or urine albumin/creatinine ratio (UACR) > 30 mgÁg -1 creatinine were also excluded ( Fig 1) . The final 8453 participants were divided into two groups according to their AMD examination results.
Anthropometric and clinical measurements
Anthropometric measurements were made by well-trained examiners. Participants wore a lightweight gown or underwear. Height was measured to the nearest 0.1 cm using a portable stadiometer (Seriter, Bismarck, ND). Weight was measured to the nearest 0.1 kg on a calibrated balance-beam scale (Giant-150N; Hana, Seoul, Korea).
Waist circumference was measured using a flexible tape at the narrowest point between the lowest border of the rib cage and the uppermost lateral border of the iliac crest at the end of normal expiration. Body mass index was calculated as weight in kilograms divided by square of the height in meters. The conicity index was computed from the weight, height, and waist circumference [16] .
Blood pressure (BP) was measured three times, using a mercury sphygmomanometer (Baumanometer; Baum, Copiague, NY) while subjects were in a sitting position following a 5-minute rest period. The average values of the three recorded systolic and diastolic BPs were used in the analysis.
Laboratory tests
Venous blood samples were collected after 8 h overnight fasting. Serum ferritin was measured with an immunoradiometric assay using a 1470 WIZARD 1 automatic gamma counter (Perki-nElmer, Waltham, MA, USA) in the central laboratory. Fasting plasma concentrations of glucose and lipid were measured enzymatically using a Hitachi Automatic Analyzer 7600 (Hitachi, Tokyo, Japan). Glycated hemoglobin levels were determined by high-performance liquid chromatography with an automated HLC-723G7 analyzer (Tosoh Corporation, Tokyo, Japan). Serum creatinine levels were measured colorimetrically (Hitachi Automatic Analyzer 7600) and eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [17] . To obtain the UACR, urinary albumin was measured in spot urine using the immunoturbidimetric method and urinary creatinine was measured using the colorimetric method.
Assessment of AMD
AMD examinations were made by ophthalmologists from the Korean Ophthalmological Society, in cooperation with KCDC, and were trained by the National Epidemiological Survey Committee of the Korean Ophthalmological Society. A non-mydriatic fundus camera (TRC-NW6S, Topcon, Tokyo, Japan) was used by ophthalmologists or ophthalmologists-intraining to obtain fundus photographs. Early AMD was diagnosed in a fundus photograph if one of two conditions was present: (1) soft indistinct drusen or reticular drusen or (2) hard or soft distinct drusen with pigment abnormality but without signs of late AMD [18] . Late AMD was defined as the presence of wet or dry (geographic atrophy) AMD [18] . Wet AMD was defined as detachment of the retinal pigment epithelium (RPE) or neurosensory retina, the presence of hemorrhages in the subretinal or sub-RPE space, or a disc-form scar in the macular area [18] . Dry AMD was defined as a circular, discrete depigmented area ! 175 μm diameter with visible choroidal vessels [18] .
Statistical analysis
All data, including socio-demographic data, medical conditions, anthropometric and clinical measurements, and laboratory and ophthalmologic results, are presented as means ± SE or frequencies (and proportions). Data were analyzed using sampling weights to account for multistage and stratified sampling. The t-test was used to compare quantitative variables and Pearson's chi-square test to compare proportions for categorical variables. The Cochran-Armitage test was used to evaluate trends in prevalence of ocular disease across the serum ferritin quintiles. Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated in multiple logistic regression models according to the presence of macular degeneration (control vs. case). A two-tailed P < 0.05 was considered statistically significant. Statistical Analysis Software version 9.3 (SAS Institute Inc, Cary, NC, USA) was used for all analyses.
Results
Baseline characteristics
The participants (n = 8453) comprised 1372 men and 7081 women with a mean age 45.4 ± 13.8 years, and they were divided into two groups according to degenerative changes of the macula: the control group (n = 8206) and the AMD group (n = 247). Participants with AMD were older, had higher serum ferritin levels, and were more exposed to sunlight than those without AMD. Those in the AMD group were more likely to be hypertensive and obese, with worse lipid profiles and poorer kidney function. There were no differences between the groups in other baseline characteristics (Table 1 ).
Serum ferritin
Crude and adjusted linear regression analysis was used to discover possible relationships between serum ferritin and other baseline characteristics associated with AMD ( Table 2 ). In the adjusted analysis, serum ferritin was positively correlated with diastolic blood pressure, central obesity, and triglyceride level. There was an inverse correlation between serum ferritin and HDL-cholesterol level. Serum ferritin was not related to daily intake of iron or fat in the adjusted analysis.
Association of serum ferritin with AMD
To assess the dependence of AMD on serum ferritin level, all participants were divided into quintiles according to gender and serum ferritin level. Early AMD was the more common subtype, and its prevalence increased stepwise in ascending quintiles 1 to 5 (P trend < 0.0001) (Fig 2) . Late AMD was prominent only in quintile 5.
Logistic regression analysis was used to determine factors associated with visual disturbance (Table 3) . When participants with early AMD were compared to controls, the crude OR of serum ferritin for AMD was 1.004 (95% CI = 1.002-1.006). Further adjustment for age, gender, serum iron, and kidney function did not attenuate this association (adjusted OR = 1.003, 95% CI = 1.001-1.006). Fig 3 shows the ORs of the serum ferritin quintiles in relation to early AMD. Using the lowest quintile as reference, the crude ORs of AMD were: 2.771 (95% CI = 1.253-6.125) for 
Discussion
Our results show that increase of serum ferritin is strongly related to the metabolic risk factors for macular degeneration, and that there is stepwise increase in risk of AMD across serum ferritin quintiles in the general population. These findings suggest that serum ferritin could be of value in predicting ocular problems. Study participants with AMD had higher serum ferritin levels than the control group, even below the diagnostic criteria for hyperferritinemia, and serum ferritin levels were strongly related to each component of MetS. Our results are consistent with other reports showing that MetS and its components are closely associated not only with the development of AMD, but also with increased levels of serum ferritin [5, [19] [20] [21] [22] [23] [24] . Ferritin is an intracellular protein recognized for its iron sequestration and storage ability and its participation in physiologic and pathologic processes that depend on iron availability [25, 26] . In disease conditions, increased oxidative stress or pro-and anti-inflammatory cytokines may induce over-production of ferritin and its subtypes, which can have further toxic effects on neighboring cells and tissues [25] . Thus, ferritin may play an intermediate role between systemic inflammation and its local manifestations, and a mild increase in serum ferritin could indicate initiation of inflammatory and degenerative disease processes. Our logistic regression analysis showed that the components of MetS are not independently associated with early AMD. Data on the association between MetS components and development of ocular complications, especially early AMD, are conflicting. Recent epidemiologic studies showed that MetS and its components were possibly associated with progression to late AMD but not with early AMD [5, 27] . In the present analysis aiming to determine the exact connection between conventional risk factors and early AMD, individuals with diabetes, hypertension, or MetS were excluded to avoid the possible confounding effect of metabolic stress. We found that serum ferritin was more strongly associated with early AMD than MetS or its components. Furthermore, we also used an adjustment method to explore possible interactions of age, gender, serum iron, and kidney function with serum ferritin level in the development of AMD. Finally, our multiple logistic model demonstrated that serum ferritin was an independent predictor of early AMD, indicating that serum ferritin may be more sensitive than MetS components in predicting the risk of early AMD.
Our subgroup analysis showed a dose-dependent relationship between serum ferritin and risk of early AMD. The retina is made of nervous tissue and aberrant iron metabolism has the potential to contribute to degenerative change in the retina via oxidative injuries [28] . One study for iron accumulation in AMD retinas proposed that excess iron may play a role in the early pathogenesis of AMD via iron-related oxidative stress, suggesting serum ferritin may reflect altered iron homeostasis in the retinas [29] . On the other hand, serum ferritin has been widely accepted as an acute-phase reactant and is nonspecifically elevated in a wide variety of systemic inflammatory states [30] . In health, cytoplasmic ferritin is protective through its ability to chelate free iron [15] . In pathologic states, extracellular ferritin released from damaged cells can be a source of iron in an unliganded form; this may create hydroxyl radicals and consequent further cellular damage [13] . Thus, our results provide clinical evidence that increased serum ferritin, as a biomarker of the body's iron stores and an inflammatory reaction in the ocular system, enhances the harmful effect of various insults on the development of early AMD.
There are several limitations to our study. First, considering that inflammation contribute to the development of AMD, it would have been informative to include various inflammatory markers in our study. Regrettably, data on other inflammatory biomarkers such as C-reactive protein and interleukins were not analyzed because they were not measured in the study; therefore, any relationship between pro-inflammatory mediators and AMD development could not be determined. However, the association between CRP and serum ferritin is widely known [31] , and serum ferritin could reflect not only iron storage but also inflammation in the body. Hence, serum ferritin may be a preferred predictor for the risk of AMD regardless of other inflammatory markers. Second, the development of AMD may have been influenced by a wide variety of factors. Because of the limitations of cross-sectional studies, we could not adjust for many factors other than age, gender, serum iron, and daily intake of iron or fat. Third, because of the self-reporting of medical history, medication, and use of tobacco and alcohol, a socialdesirability bias could not be ruled out and may have been responsible for results and conclusions that conflicted with previous research. Finally, participants might have forgotten pertinent relevant details.
The results of our study suggest that a relatively high level of serum ferritin in the healthy population is associated with progression of AMD and may be an important predictor of AMD, especially the early subtype of AMD. To the best of our knowledge, this study is the first to define the relationship between serum ferritin and early AMD in the general population. A large population-based prospective clinical study is needed to identify the mechanisms involved and the clinical implications.
